X-ray surveys of the Carina nebula have revealed a few hard and luminous sources associated with early-type stars. Such unusual characteristics for the high-energy emission may be related to magnetically-confined winds. To search for the presence of magnetic fields in these objects, we performed a limited spectropolarimetric survey using the FORS instrument. The multiobject mode was used, so that a total of 21 OB stars could be investigated during a one-nightlong run. A magnetic field was detected in two objects of the sample, with a 6σ significance; Tr16-22 and 13. Such a detection was expected for Tr16-22, as its X-ray emission is too bright, variable and hard, compared to other late-type O or O+OB systems. It is more surprising for Tr16-13, a poorly known star which so far has never shown any peculiar characteristics. Subsequent monitoring is now needed to ascertain the physical properties of these objects and enable a full modelling of their magnetic atmospheres and winds.
INTRODUCTION
Often invoked in the past in case of unexplained peculiarities, the role of magnetic fields has long been a subject of debate in the massive star community. Indeed, on the theoretical side, these stars lack the convective envelopes thought to be responsible for the magnetic dynamo in late-type stars whereas, on the observational side, line dilution due to bright companions, spectral contamination by emission, and the relative rarity and breadth of spectral lines limit the detectability of magnetic Zeeman signatures in hot stars. At the beginning of this century, only one half-dozen hot stars (i.e. with spectral types of at least B2) had been confidently detected to be magnetic; the earliest of this sample was only of spectral type B1.5. In the last decade, however, the situation has improved dramatically thanks to the advent of efficient spectropolarimeters attached to mid-and large-size telescopes (such as e.g. FORS at the ESO VLT or ESPaDOnS at the CFHT). These instruments led to the detection of magnetic fields in about 30 hot stars (for a few recent cases: Rivinius et al. 2010; Hubrig et al. 2011; Petit et al. 2011; Grunhut et al. 2012) .
The role of magnetic fields in massive stars has thus been reassessed. While Maeder & Meynet (2003) focused on understand-⋆ Based on data collected at ESO under Program ID 386.D-0624A.
† E-mail: naze@astro.ulg.ac.be; Research Associate FRS-FNRS ing their effect on the structure and evolution of massive stars, Babel & Montmerle (1997a) had unveiled their impact on the stellar winds and therefore on the X-ray emission of massive stars. In a seminal paper, they proposed a semi-analytic model for magnetically channeled wind shocks wherein a strong dipole magnetic field guides the stellar winds from two opposite hemispheres towards the magnetic equator where the flows collide: the gas is heated up to high temperatures, leading to hard X-ray emission. Such channelling can naturally lead to a shock-heated equatorial region. This model was first developed and applied to explain the peculiar X-ray emission of the magnetic and chemically peculiar Bp star IQ Aur. Following the work of Stahl et al. (1996) , it was extended to explain the peculiarities of the O7 star θ 1 Ori C (Babel & Montmerle 1997b) . Self-consistent numerical magnetohydrodynamic models by ud- Doula & Owocki (2002) further explored the wind-field interaction in hot stars, ultimately establishing θ 1 Ori C as a prototype for which the 15d modulations of the Hα, UV, and X-ray emissions are well explained by a magnetic oblique rotator model. Furthermore, ud-Doula et al. (2006) have shown that in the presence of significant stellar rotation, centrifugal support can lead to a stable accumulation of material near the magnetic equator. The best example here is the Bp star σ Ori E, for which the magnetic energy is so strong compared to the stellar wind energy that the magnetosphere extends to many stellar radii (Townsend & Owocki 2005) . For both cases, the X-ray emis-sion appears very peculiar, as it is altogether bright and hard. Indeed, "normal" O-type stars have relatively soft X-ray emission (kT ∼ 0.2−0.7 keV) of a well-defined strength (the so-called canonical relation, log[L X /L BOL ]∼ 10 −7 , see Nazé et al. 2011; Nazé 2009 and references therein) . Both θ 1 Ori C and σ Ori E therefore seem to comply reasonably well with model expectations for magnetically confined winds.
It must however be noted that, while bright and hard X-ray emission may be considered as a good hint for the presence of magnetic fields, the contrary is not necessarily true. Indeed, some magnetic objects display soft X-ray emission: this is notably the case of Of?p stars (see e.g. Nazé et al. 2010 Nazé et al. , 2012 and some B stars (see Güdel & Nazé 2009; Oskinova et al. 2011 and references therein) . While the overall X-ray luminosity of these objects follows rather well the expected values, it is clearly not the case of their plasma temperature ), a fact which currently remains unexplained.
The Chandra X-ray observatory has recently performed a large-scale survey of the Carina nebula (CCCP, see Townsley et al. 2011) . This led to the detection of >14 000 X-ray sources , among which a majority of PMS objects and >100 massive, hot stars (Nazé et al. 2011) . Amongst the latter ones, we selected those that display unusually hard and bright X-ray emission, hence were good candidates for harbouring magnetically-confined winds. Using FORS, we perform a small spectropolarimetric survey of these objects, with the aim of finding new cases of magnetically-confined winds. This paper reports on the results of this campaign. It first presents the observations (Sect. 2), then the results (Sect. 3), to finally summarize and conclude in Sect. 4.
OBSERVATIONS

Observational Strategy
A total of eight fields in the Carina nebula were observed in spectropolarimetric mode with the FORS2 instrument (Appenzeller et al. 1998 ) of the ESO VLT during a visitor run in March 2011. The choice of the main targets was initially made on the basis of their X-ray emission (CCCP, Nazé et al. 2011 , and references therein). We selected bright 1 early-type stars with high X-ray luminosity HD 93250, 11, 22 and 64) , with a strong hard X-ray component (HD 93250, HD 93501, LS 1865, Coll228-68, Tr16-5, 10, 11, 22 and 64) or with known long-term X-ray variability (HD 93250, . Those characteristics are compatible with those expected from magneticallyconfined winds, explaining our choice for this investigation.
Four fields studied only a single target, because of the lack of nearby massive stars with similar magnitudes: HD 93250, HD 93501, HD 93190, and Tr16-22. The four other fields were taken in multi-object mode, since such adequate neighbours existed: the first one contains Coll228-66, Coll228-68, and HD 93097, the second one Tr16-10, 11 and 14, the third one LS 1865, LS 1853, HD 305524, and HD 305534, and the last one Tr16-2, 4, 5, 13, 15, 64, and 115. The 11 additional objects are field stars which do not show particularly exceptional X-ray characteristics.
In total, 21 OB stars were thus investigated. Our observing run was allocated 10 hours, that were distributed over three consecutive 1 V < 11. mag nights (2011 March 12-14) . This allowed us to observe about half of our targets on two different nights.
During our observing run, the blue CCD (a mosaic composed of two 2k×4k E2V chips) read without any binning, a slit of 1 ′′ 2 and the 1200B grating (R ∼ 1400) were used. We adopted for each field an observing sequence of 8 or 16 subexposures with retarder waveplate positions of +45
• , +45
• , −45 • ,... Duration of individual subexposures ranges from 10 to 300s, depending on the targets' luminosity and the variable seeing. It was therefore adjusted several times during the run, to remain close, but below, the saturation level (spectropolarimetric investigations requiring the highest possible signal-to-noise ratio).
Data Reduction
In recent years, there has been some debate in the literature about the reality of some magnetic field detections claimed using the FORS instruments. To settle the debate, Bagnulo et al. (2012) has performed an overall reduction of all spectropolarimetric FORS datasets. They notably show the implications of some data reduction choices and we took into account the considerations made in that work.
Using the observing sequence described above, the normalized Stokes V/I profile can be determined, as well as a diagnostic "null" profile (Donati et al. 1997; Bagnulo et al. 2009 ):
where f and f ⊥ are the counts recorded for the parallel and perpendicular beams, respectively, I is the simple sum of all f and f ⊥ spectra, and N is the number of pairs of subexposures (i.e. sets of {−45
• , +45 • } observations). To get the f and f ⊥ for each target, the data were corrected for bias but not flat-fielded, since there is no evidence that flatfielding improves the magnetic field determination (Bagnulo et al. 2012) . Furthermore, the spectra were extracted using a simple aperture extraction since, in practice, optimal extraction applied to high signal-to-noise ratio leads to noisier spectra (e.g. Bagnulo et al. 2012 ). The aperture extraction radius was fixed to 12 px for data taken on the first and third night, and between 15 and 24 px (depending on the actual seeing) for data taken during the second night. Note that sky background was subtracted for each spectrum 3 . Finally, wavelength calibration was made by considering arc lamp data taken at only one retarder waveplate position (in our case, −45
• ) for all science frames of a given field, whatever the position of the retarder waveplate actually is for them. As shown by Bagnulo et al. (2009) , this minimizes spurious polarization signals. Note that, indeed, wavelength calibration remains specific to the actual position of the spectra on the CCD, i.e. it is different from one object to the next as well as for the parallel and perpendicular beams. In all cases, the final, calibrated spectra have 5813 px with a step of 0.43Å (close to the dispersion value) and a start wavelength of 3500.215Å, as recommended for this grating.
Whenever it was possible, we reduced our data using two different procedures. For the data obtained in "fast mode" (i.e. single target), we used both the FORS pipeline 4 and standard IRAF routines 5 . However, the FORS pipeline only accepts datasets with a pair of frames obtained with the retarder waveplate at +45
• and −45
• , or a quadruplet with retarder waveplate at the position angles +45
• , −45
• , +135
• , and +225
• . Since we adopted a different observing strategy (8 or 16 subexposures taken at two angles, rather than a single pair, see above), we had to combine our 8 or 16 subexposures into 4 or 8 pairs, to reduce these pairs separately, and finally to make use of external procedures to combine the pipeline products into a single result for each 8 or 16 subexposure dataset. Moreover, for polarimetric data obtained in multi-object mode, we could use only IRAF routines, because the FORS pipeline fails to associate the pairs of beams pertaining to individual objects. In the end, the spectra reduced within IRAF appeared very similar to those reduced with the FORS pipeline, when they existed, though the former ones seem slightly less noisy. This is explained by bad seeing, and by the position of the spectra, which, even in "fast" mode, were found very close to gaps between slitlets. These problems could be better dealt with through manual fine tuning of extraction and background substraction, than with the pipeline semi-automatic mode. Nevertheless, we decided to use also the FORS pipeline to check our results in two independent ways.
In a final step, the longitudinal magnetic field was estimated by minimising the expression (Bagnulo et al. 2002) :
where i takes a different value for each spectral point, a is a constant accounting for possible spurious residual polarization in the continuum, y i is either P V or N V at the wavelength λ i , and
and g eff the effective Landé factor, assumed to be 1 near the Balmer lines of hydrogen and 1.2 elsewhere. In this equation, (dI/dλ) i was evaluated through (I i+1 − I i−1 )/(λ i+1 −λ i−1 ), as by Bagnulo et al. (2002) , while the error on P V is estimated through
(see eq. A6 of Bagnulo et al. 2009 ). Following the FORS pipeline manual 6 , the error on each spectrum ( f or f ⊥ ) amounts to σ( f ) i = f i /g where f i is the flux at the wavelength λ i and g is the gain in electrons per ADU (0.53 or 0.58, depending on the CCD chip) -the read-out noise is neglected because of its small value compared to the high level of the stellar flux. Note that the FORS pipeline accounts for the error introduced by background subtraction and by the extraction, whereas for data reduced with IRAF routines we considered only the contribution due to photon-noise.
A few additional remarks must be made at this stage. First, we have estimated the magnetic field for the "raw" P V and N V profiles, and for the same P V and N V profiles rectified using a Fourier filter of width 300px (Bagnulo et al. 2012) . That correction results only in a minimal difference (about 15G on average), well within the error bars (typically 80G), confirming the results of Bagnulo et al. (2012, see their Table 2 ). Second, some values of the P V and N V profiles were discarded: the 3% bluest and 3% reddest of the wavelength range with recorded data, as well as the spectral bins where N V deviates more than 3σ from zero (and the two adjacent bins), as in Bagnulo et al. (2012) . In addition, we did not consider the spectral bins with x i outside the range {−1 × 10 −6 , +1 × 10 −6 }, as they were small in number and erratic in value but dominating the slope determination. Third, we derived magnetic field values for the full spectral range and for selected spectral windows (avoiding continuum regions, or regions affected by ISM/nebular features, see online material in Appendix). Again, this results in small changes (about 45G on average), within the error bars. Finally, Bagnulo et al. (2012, and references therein) found several hints that the error bars of the magnetic field determinations made using the FORS instrument were underestimated. Therefore, the error on B z , derived as is usual from the linear interpolation, was corrected following the method of Bagnulo et al. (2012) , to take into account the actual scattering around the fitted line. This correcting factor is χ 2 min /ν, where χ 2 min is the minimum value of the χ 2 derived as in Eq. (2) and ν is the number of degrees of freedom of the system (i.e., the number of spectral points minus two).
RESULTS
The derived values of the longitudinal fields for all targets are listed in Table 1 , which also gives for comparison the N z values found from the null profiles. For comparison purposes, values with or without rectification, for the full spectral range or considering only specific spectral windows are given. Spectral types and X-ray luminosity, reproduced from Nazé et al. (2011) , are also shown. Several conclusions can now be drawn.
First, even though the FORS pipeline results are about 10-15% noisier then those obtained with manual data reduction, all results are consistent with each other (i.e. the conclusion of a detection or a non-detection is found with both methods), and the field values are within 2σ error bars of each other. Second, the diagnostic B z derived from the null profile are consistent with zero (at the 3σ level in the worst cases, most often at the 1σ level), as is expected, confirming the quality of our data reduction. Finally, and most importantly, two stars shows a magnetic field detection at the 6σ level and with a strength >300 G, two features suggesting a true detection (Bagnulo et al. 2012) . The other 19 stars have B z compatible with zero at the 3σ level, as do the diagnostic profiles.
Tr16-22
With the Chandra and XMM observations of the Carina nebula, Tr16-22 has been singled out as a peculiar object. Indeed, it is strongly overluminous in X-rays (Evans et al. 2004; Antokhin et al. 2008; Nazé et al. 2011 , and references therein). Moreover, this high-energy emission is unusually hard for an O-type star, with a component at 2 keV of a strength similar to that of the soft component at 0.7 keV (Nazé et al. 2011) . Furthermore, the X-ray luminosity varies by a factor of 30 (Combi et al. 2011) , whereas the X-ray emission of O-stars is known to be rather stable.
Radial velocity variations have been reported for this object from low-resolution monitorings (Combi et 2)) for the two positive cases of Tr16-22 (left) and Tr16-13 (right). In these panels, the slope is directly linked to the intensity of the longitudinal field. The best-fit lines, derived from the least-squares analysis, are drawn with thick dashed lines, for both the actual Stokes V parameter (top panels) and the diagnostic null profile (bottom panels). In the latter case, or more generally in the case of non-detections, these lines should be horizontal. The line thickness is larger than the 1σ error bar on the constant term, while the two thin dotted lines show lines with slopes at ±1σ from the best-fit value. information at hand before this study, X-rays linked to a wind-wind collision might at first seem a good explanation for the observed high-energy characteristics. However, the observed large overluminosity (>1 dex) is neither observed nor theoretically expected in late-type O+OB colliding-wind binaries (for examples of O+O binary X-ray observations, see Nazé 2009; Nazé et al. 2011). Moreover, the reported spectral changes, observed with low signal-tonoise (Combi et al. 2011) , could equally well be compatible with line profile variations. In view of these facts and our spectropolarimetric result (Table 1 and Fig. 1 ), magnetically-confined winds now appear as a much better explanation (Evans et al. 2004; Nazé et al. 2011) . A monitoring is now needed to further constrain the stellar, wind, and magnetospheric properties which would enable us to perform a full modelling of this star. In this context, we have examined the single archival FEROS spectrum of Tr16-22. This spectrum appears quite similar to that of the sharp-lined magnetic O9.5IV star HD 57682 (Grunhut et al. 2009 ), though the lines of Tr16-22 seem even narrower than those of HD 57682. A long period for Tr16-22 would not be surprising, as an intense field is able to brake the rotation of massive stars with strong stellar winds (ud-Doula et al. 2009 ). Indeed, many magnetic O stars are slow rotators (see e.g. the extreme cases of 538d for HD 191612 or even 55yrs for HD 108, Nazé et al. 2010) . The FEROS spectrum also reveals a strong emission component in Hα and a P Cygni profile for He i 5876Å (Fig. 2) , two features comparable to those of the strongly confined θ 1 Ori C and of the Of?p stars. This reinforces our suspicion that Tr16-22 shows several evidence for the presence of magnetically confined winds.
Tr16-13
This object displays a clear magnetic detection (Table 1 and Fig.  1 ), but it could only be observed once, so that we have no independent confirmation of our result. Nevertheless, the obtained field values clearly differ between the actual Stokes V profile and the null profile, leaving little doubt on the detection. Spectra of targets observed at the edge of the field of view may be slightly depolarized (Bagnulo et al. 2002) , but this problem would decrease the absolute field value, rather than causing a spurious detection, thus we are confident in our result.
Tr16-13 is not known to exhibit any peculiarity (e.g. spectro- scopic, photometric, or radial velocity variations), but the literature concerning this star is very sparse (e.g. no high-resolution spectra appear to exist). The FORS spectrum does not show pronounced He chemical peculiarities, but this is not unusual amongst early B-type magnetic stars (see e.g. HD 66665, Petit et al. 2011) . The spectral lines of Tr16-13 appear somewhat broad (FWHM of about 170 km s −1 ), but at the limit of the FORS resolution: convolved to the same resolution, the spectrum of τ Sco, a sharp-lined, magnetic B0.5V star, appears similar but with narrower lines. However, contrary to that object, Tr16-13 emits few X-rays. Line profile variations may be expected for this star, and follow-up investigations are thus clearly needed to pinpoint its physical properties.
HD 93250
The non-detection of a magnetic field may naively appear particularly puzzling in the case of HD 93250. This object indeed displays non-thermal radio emission (Leitherer et al. 1995) . Such radiation is known to arise from relativistic electrons accelerated at the shocks between the two winds in a binary system (van Loo et al. 2005) . Moreover, HD 93250 displays large X-ray variations (Rauw et al. 2009 ), which reinforces the suspicion of a binary nature. Though radial velocity variations have never been observed up to now (see Rauw et al. 2009; Williams et al. 2011 , and references therein), a close companion was recently detected using interferometry (Sana et al. 2011) . HD 93250 now appears composed of two similar stars, whose winds collide, in a longperiod, eccentric orbit. A magnetic field is indeed required in this system, to explain the synchrotron radio emission of the system. However, the nature and origin of the field -whether associated directly to the star(s) or produced within the shock -is unclear. Considering the first case, it is true that our observations do not detect any organized field at the photosphere, but it must be noted that a low inclination of the star's magnetic axis or its binary nature could impact on our detection capabilities. Moreover, the derived 3σ limit on the longitudinal field of HD 93250 is about 300G, and no theoretical expectation has been published to which we could compare this value. Depending on the exact stellar and wind properties (which are not known with precision), as well as local characteristics of the wind collision zone (equally unknown), which may produce a field amplification (Bell 2004; Falceta-Gonçalves & Abraham 2012) , it may well be that our nondetection of an organized magnetic field is not at odds with the presence of the ∼1 G field needed at the collision zone to generate some non-thermal radio emission.
SUMMARY AND CONCLUSION
Following the detection of hard and bright X-rays in a handful of early-type stars in the Carina nebula, we performed a small spectropolarimetric survey of 21 massive stars in the region using the FORS instrument. Previously, only 7 OB stars in Carina (HD 93128, HD 93129B, HD 93204, HD 93403, HD 93843, HD 303308, HD 303311) had been examined by Hubrig et al. (2011) , alas with no clear detection and only one 3σ detection (which is a low detection level for FORS data, see Bagnulo et al. 2012) .
With this paper, we have quadrupled the number of Carina massive stars searched for magnetic fields. For 19 objects, we could put limits of a few hundreds gauss on magnetic fields, but two objects led to a clear (6σ) detection: Tr16-22 ( B z ∼ 500 G) and Tr16-13 ( B z ∼ 450 G).
Though the late-O star Tr16-22 could have a companion, its hard, variable X-ray emission appears too bright to originate in a wind-wind collision inside the binary. The magnetic field detection (confirmed by two independent observations) rather supports a scenario where magnetically-confined winds collide at the magnetic equator, thereby producing copious hard X-ray emission. An independent confirmation comes from its strong Hα emission, similar to that observed in other magnetic cases (the Of?p stars and θ 1 Ori C). With its peculiar X-ray properties, Tr16-22 may thus be seen as an analog to the famous θ 1 Ori C, the best example amongst magnetic O-stars for a good match with theoretical expectations, especially in the X-ray range (Gagné et al. 2005) : as a potential second case, Tr16-22 appears as a key in our understanding of confined winds. A full monitoring of this star (X-ray, spectroscopy, spectropolarimetry,...) is thus urgently needed.
Tr16-13 is a poorly known star with no known peculiarities and rather faint X-ray emission. Certainly, more investigation is now needed to ascertain the impact of magnetic fields on its evolution and on its stellar wind. Again, a dedicated monitoring is required to determine the physical parameters of the star as well as the magnetospheric properties, needed before any modelling can take place. 
